Data are publicly available through the Gulf of Mexico Research Initiative Information & Data Cooperative (GRIIDC) at <https://data.gulfresearchinitiative.org> (doi: \[[10.7266/N7GQ6VSX](https://doi.org/10.7266/N7GQ6VSX), [10.7266/N7BZ643F](https://doi.org/10.7266/N7BZ643F), [10.7266/N7765CDG](https://doi.org/10.7266/N7765CDG)\]).

Introduction {#sec001}
============

The deep sea is considered a generally stable environment where living organisms are less frequently challenged with steep changes in physical and chemical conditions compared to their coastal counterparts. Nevertheless, many different forms of natural disturbances that may disrupt the apparent ecosystem equilibrium of the deep sea have been observed, including benthic storms \[[@pone.0179923.ref001]\], mud slides \[[@pone.0179923.ref002]\], whale falls \[[@pone.0179923.ref003]\], and mass deposition of phytodetritus \[[@pone.0179923.ref004]\], among others. Subsequent recolonization and faunal successions of the affected areas are very slow in the deep sea \[[@pone.0179923.ref005]\]. The patchy nature of the deep-sea benthos may be a direct consequence of these disturbances because every "patch" may represent a community in a different faunal successional stage \[[@pone.0179923.ref006]\].

Seasonal and interannual variation of particulate organic matter (POM) transport to the deep sea through benthic-pelagic coupling is well documented \[[@pone.0179923.ref004],[@pone.0179923.ref007]\]. Detritus derived from phytoplankton blooms may sink rapidly to the seafloor \[[@pone.0179923.ref008]\] and trigger a response by the benthic communities within a few days \[[@pone.0179923.ref009]\]. Within the northern Gulf of Mexico, phytoplankton blooms are commonly observed in the spring. These blooms are caused by the nutrient flux from the Mississippi and Atchafalaya Rivers, which peaks in the spring \[[@pone.0179923.ref010]\]. The abundance of benthic polychaetes on the northern Gulf of Mexico continental slope doubled in spring, compared to fall, most likely as a response to the increased availability of food \[[@pone.0179923.ref011]\]. Understanding seasonal and inter-annual dynamics is critical in order to separate community structure fluctuations in the natural background at non-impacted stations vs. post-spill successional processes at impacted stations.

In recent decades, deep-sea ecosystems have been experiencing ever-increasing pressures of newly introduced, anthropogenic disturbances. These include climate change and its influence on global ocean currents \[[@pone.0179923.ref012]\], destructive fishing techniques \[[@pone.0179923.ref013]\], mining of deep-sea minerals \[[@pone.0179923.ref014]\], and offshore oil and gas production \[[@pone.0179923.ref015]\]. The 2010 Deepwater Horizon (DWH) disaster in the Gulf of Mexico was an unprecedented deep-water oil spill. While the Gulf of Mexico is well known for natural hydrocarbon seeps along its continental margin, which harbor hydrocarbon oxidizing microbes and metazoan benthic organisms with special evolutionary adaptations to hydrocarbons, the DWH spill far exceeded all known natural seeps in the sheer amount of released hydrocarbons. In fact, the uncontrolled release of an estimated 3.19 million barrels of oil released from the Macondo oil well \[[@pone.0179923.ref016]\] during the 87 days following the blowout surpassed the estimated annual discharge of oil from all natural seeps in the entire Gulf of Mexico combined \[[@pone.0179923.ref017]\] by an order of magnitude, and in a concentrated area. In addition, nearly three million liters of dispersants with largely unknown environmental effects were released during the spill \[[@pone.0179923.ref018]\].

The DWH oil spill provides a unique opportunity to study the effects of hydrocarbon pollution on the deep-sea ecosystem over time. Our assessment is focused on responses of meiofauna and macrofauna communities of the soft-sediment benthos. In 2010, diversity and taxa richness of meiofauna and macrofauna were significantly depressed within an area of 172 km^2^ as a consequence of the hydrocarbon pollution \[[@pone.0179923.ref019]\]. Severe impacts of the oil spill on the benthos persisted in 2011 \[[@pone.0179923.ref020]\]. In the 172-km^2^ impact zone, contaminants remained high, macrofauna diversity and richness, and meiofauna richness remained impaired. Significantly higher macrofauna abundance and meiofauna diversity and a significantly lower nematode-to-copepod ratio in the impact zone in 2011, compared to 2010, were either signs of some recovery, or natural seasonal, or year-to-year variability. Multivariate analyses corroborated the persistent impacts of the DWH oil spill on the benthic communities in 2011. These analyses also indicated that a faunal succession had happened between 2010 and 2011 as analyses of similarity (ANOSIM) showed significant temporal differences for both meiofauna and macrofauna communities.

The overarching goal in the present study was to assess if meiofauna and macrofauna communities exhibited any evidence of recovery four years after the DWH oil spill. For this purpose, we analyzed abundance, richness, and diversity of meiofauna and macrofauna communities at 34 stations that were resampled in 2014 and compared the results to the 2010 and 2011 sampling periods. We also performed multivariate analyses to determine if benthic community succession occurred among the three sampling periods.

Materials and methods {#sec002}
=====================

The impact of the oil spill on soft-bottom benthic communities was assessed on three different occasions: from 16 September through 30 October 2010 (two to three months after the well had been capped), from 23 May through 11 June 2011 (about eight months after the first sampling events), and from 29 May through 28 June 2014 (almost four years after the well had been capped). The 2010 cruises were conducted aboard the R/V *Gyre* and R/V *Ocean Veritas*, the 2011 cruise was conducted aboard the M/V *Sarah Bordelon*, and the 2014 cruise was conducted aboard the M/V *Irish*. A Bowers and Connelly multiple corer, the Mega Corer model, manufactured by OSIL (<http://www.osil.co.uk/>), was used to collect 12 sediment-core samples with each deployment. Three cores from each drop were used for macrofauna analysis and one was used for meiofauna analysis. The remaining cores were reserved for analyses of hydrocarbons, heavy metals, pore-water chemistry (Eh, sulfides, ammonia), and other sediment properties (total carbon, total organic carbon, total inorganic carbon, total nitrogen, grain size). The cores had an inner diameter of 10 cm. Meiofauna cores were subsampled with a smaller core of 5.5 cm inner diameter. Macrofauna cores were separated into 0--5 cm and 5--10 cm sediment sections in the 2010 samples and into 0--3 cm, 3--5 cm, and 5--10 cm sections in the 2011 and 2014 samples. Meiofauna cores were divided into 0--1 cm and 1--3 cm sediment sections. The different sections from each core were processed and analyzed for meiofauna and macrofauna abundance separately.

The experimental approach was to test for significant differences in the concentration of chemical compounds related to oil spills and faunal community metrics between impact and non-impact zones and between the three sampling years (2010, 2011 and 2014). A total of 34 stations were sampled ([Fig 1A and 1B](#pone.0179923.g001){ref-type="fig"}) and classified as either "impact station" or "non-impact station", depending in which zone, as defined by \[[@pone.0179923.ref019]\], it was located in. Stations located in high impact and moderate impact zones (sensu \[[@pone.0179923.ref019]\]) were classified as "impact zone"; stations located in areas with uncertain impacts and unlikely impacts (sensu \[[@pone.0179923.ref019]\]) were classified as "non-impact zone". The establishment of these zones by \[[@pone.0179923.ref019]\] was based on a principal component analysis, which included environmental and biotic variables. Of the 34 stations 20 were in the impact zone (ALTNF001, ALTNF015, D031S, D034S, D040S, D042S, D044S, D050S, FF010, LBNL1, LBNL3, LBNL7, LBNL14, NF006MOD, NF008, NF009, NF010, NF011, NF012, and NF013) and 14 were in the non-impact zone (2.21, D002S, D019S, D024S, D043S, D062S, FF005, FFMT3, FFMT4, LBNL4, LBNL9, LBNL10, LBNL17, and NF014).

![Station locations, representing impact zone (open red squares) and non-impact zone (solid green square), as defined by \[[@pone.0179923.ref019]\].\
(A) All stations within impact and reference zones. (B) Zoomed to within 10 km from the MC252 wellhead.](pone.0179923.g001){#pone.0179923.g001}

Stations were thus nested within the zones ("impact" or "non-impact"). The experimental design is a partially hierarchical, 2-way ANOVA (analysis of variance) that can be described by the following statistical model: Y~ijkl~ = μ + α~j~ +β~k~ + αβ~jk~ +γ~k(l)~ + αβγ~jk(l)~ +℮~(i)jkl~ where Y~ijkl~ is the dependent response variable; μ is the overall sample mean; α~j~ is the main fixed effect for year where *j* = 1, 2, or 3 for either 2010, 2011 or 2014; β~k~ is the main fixed effect for sampling zone where *k* = 1 or 2 for either the impact or non-impact zone; αβ~jk~ is the main fixed effect for the interaction between year and zone; γ~k(l)~ is the main effect for stations that are nested (or unique) to the zones and are thus a random effect as denoted by the parentheses around the subscript *l* that represents the 34 stations all of which are nested unique to one of the two zones; αβγ~jk(l)~ is the interaction term for year, zone, and station; and ℮~(i)jkl~ is the random error term for each of the *i* replicate measurements.

Because of sampling constraints and our rationale that meiofauna were assumed to vary little on the spatial scales, only one core sample was collected for meiofauna analysis from each single multi-corer drop at each station. Because there are no replicate cores within multi-corer drops, the triple-interaction term does not exist, thus the model is reduced to: Y~ijk~ = μ + α~j~ +β~k~ + αβ~jk~ + γ~k(l)~ +℮~(i)jkl~. All analysis-of-variance (ANOVA) tests were performed using SAS 9.4 software, as described in \[[@pone.0179923.ref019]\].

The most abundant macrofauna taxa, Polychaeta, Mollusca, and Crustacea (Malacostraca), were identified to family level. The remaining macrofauna organisms were identified to order (e.g. Podocopida) or higher taxonomic levels (e.g. Nemertea, Sipuncula). Meiofauna were identified to order level (e.g. Amphipoda, Isopoda) or higher (e.g. Nematoda, Copepoda). Macrofauna and meiofauna community structure was analyzed by creating a Bray-Curtis similarity matrix among stations using abundance data from taxa listed above and then plotting the results in a non-metric multi-dimensional scaling (MDS) ordination \[[@pone.0179923.ref021],[@pone.0179923.ref022]\]. Differences in community structure between years and zones were tested using ANOSIM and SIMPER in Primer \[[@pone.0179923.ref021]\]. One-way ANOSIM analyses were conducted to test for significant differences between impact and non-impact zone in 2014, as well as significant temporal differences between benthic communities in 2010, 2011, and 2014. Abundance data were fourth-root transformed prior to multivariate analysis in Primer to decrease the effect of numerically dominant species \[[@pone.0179923.ref023]\].

Benthic response variables presented here include total faunal abundance, richness (number of taxa per sample), diversity (Hill's N1) \[[@pone.0179923.ref024]\], and nematode-to-copepod ratios (N:C). Hill's N1 is the exponentiated form of the Shannon-Wiener H\' diversity index, N1 = ℮^H\'^ and was selected because it is easily interpreted as the effective number of dominant taxa and trends to 1 as diversity decreases. The N:C ratio was used because it is a robust indicator for environmental disturbances, including hydrocarbon exposure \[[@pone.0179923.ref015],[@pone.0179923.ref019]\]. Abiotic environmental variables consisted of total petroleum hydrocarbons (TPH), total polycyclic aromatic hydrocarbons (total PAHs), barium, and selected natural habitat characteristics (depth, sediment grain size, and total organic carbon (TOC).

No specific permissions were required to sample any of the locations reported on in this study. Field studies did not involve endangered or protected species.

Data sets of environmental variables, macrofauna, and meiofauna were made publicly available on the Gulf of Mexico Research Initiative Information and Data Cooperative (GRIIDC), where they were assigned the unique dataset identifier (UDI) R4.x267.000:0018, R4.x267.000:0019, and R4.x267.000:0020, respectively.

Results {#sec003}
=======

Taxonomic composition {#sec004}
---------------------

Polychaetes dominated the macrofauna assemblages. In the impact zone they accounted for 82.6% (± 5.7% SD) in 2010 and 82.9% (± 8.1%) in 2011, while their relative numerical dominance in the non-impact zone was less pronounced with 70.5% (± 7.1%) in 2010 and 70.0% (± 5.9%). In 2014 the relative contribution of polychaetes decreased. However, their relative abundance of 74.4% (± 6.3%) in the impact zone still exceeded the non-impact zone (63.5 ± 7.6%). In the non-impact zone the most abundant polychaete families were Maldanidae, Paraonidae, Spionidae, and Capitellidae. Their relative numbers and abundance ranks slightly varied between the three sampling years, but they each consistently accounted for 5.3%-11.5% of the average total macrofauna counts. In the impact zone fluctuations of different polychaete families was much more pronounced between sampling years. Furthermore, dominance of the most abundant families in the impact zone was more eminent, i.e. their relative abundances attained higher values than in the non-impact zone. In 2010 the most abundant families were Dorvilleidae (20.4 ± 19.6%), Paraonidae (14.2 ± 5.8%), Maldanidae (11.6 ±2.5%), Capitellidae (9.8 ± 3.7%), and Spionidae (6.3 ± 2.6%). The high standard deviation of the relative dorvilleid abundance indicates the large spread between some moderately impacted stations where Dorvilleidae accounted for less than 5% and heavily impacted stations where they accounted for up to 61.1%. In 2011 the dominance of dorvilleid polychaetes had further increased, as they accounted for 26.0% (± 28.4%) of the macrofauna counts. The large standard deviation is once again explained by the large spread of relative abundances across the different stations. At four of the heavily impacted stations within about 1 km of the well, dorvilleids accounted for more than 70% of the macrofauna, whereas in some of the moderately impacted stations their counts were very low and would account for less than 5%. The other polychaete families that accounted for at least 5% of the total macrofauna count in 2011 were Maldanidae (10.2 ± 2.0%), Paraonidae (9.7 ± 5.5%), Capitellidae (7.4 ± 4.0%), and Acrocirridae (5.0 ± 3.3%). In 2014 numbers of Dorvilleidae had plummeted and accounted for only 2.6% (± 4.0%) of the macrofauna, with a maximum of 13.8% at one of the heavily affected stations. The most abundant polychaete families in the 2014 impact zone were Cirratulidae (12.0 ± 8.1%), Paraonidae (9.9 ± 5.1%), Capitellidae (8.2 ± 4.1%), Syllidae (6.4 ± 3.9%), Maldanidae (6.3 ± 1.5%), and Spionidae (6.2 ± 2.7).

Mollusks had higher absolute and relative abundances in the non-impact zone, compared to the impact zone, in 2010 and 2011. In the non-impact zone they accounted for 11.8% (± 6.8%) in 2010 and 10.5% (± 4.5%) in 2011. In the impact zone they accounted for 7.1% (± 3.3%) and 6.8% (± 3.8%), respectively. In 2014 the relative abundance of mollusks increased in the non-impact zone to 12.8% (± 2.7%). In the impact zone the relative contribution of mollusks nearly doubled in 2014 to 13.2% (±4.8%). This strong increase in the 2014 impact zone was mostly caused by the bivalve family Thyasiridae, which accounted for 9.1% (± 4.9%) of the total macrofauna count. In 2010 and 2011 thyasirid bivalves contributed only 2.3% (± 2.1%) and 1.8% (± 1.8%), respectively. Thyasiridae also increased in the non-impact zone to 6.1% (± 3.5%), compared to 2.0% (± 2.6%) in 2010 and 3.2% (± 3.7%) in 2011. The second most abundant mollusk taxon was the aplacophoran family Prochaetodermatidae, which was consistently more frequent in the non-impact zone (2.5 ± 2.7% to 3.4 ± 4.7%) throughout the three sampling periods, compared to the impact zone (0.7 ± 0.9% to 1.6 ± 1.2%).

Crustaceans were considerably more abundant in the non-impact zone, compared to the impact zone, throughout all three sampling years. In the non-impact zone they accounted for 11.8% (± 6.8%) in 2010, 11.6% (± 4.5%) in 2011, and 15.8% (± 6.1%) in 2014. In the impact zone their relative contributions to the macrofauna total were 3.2% (± 2.6%) in 2010, 2.8% (± 2.6%) in 2011, and 5.9% (± 3.7%) in 2014. We identified almost 60 families and six orders of crustaceans. Most of the crustacean taxa were rare. The most abundant crustaceans were ostracods of the order Podocopida and the tanaid family Colletteidae., both of which peaked in the 2014 non-impact zone contributing 3.5% (± 2.3%) and 1.8% (± 1.6%) to the macrofauna counts, respectively. Among the remaining taxa, which were identified to order, class, or phylum level, only Nemertea were consistently abundant. Their relative contribution varied relatively little between zones or sampling years, ranging from 3.0% (± 2.0%) to 4.9% (± 2.5%).

The two dominant meiofauna taxa were Nematoda and Harpacticoida. These two groups combined accounted for more than 90% at any station and sampling time. When station abundances were averaged within each sampling year and zone, nematodes and harpacticoids together contributed between 97.3% (± 2.0%) (in the 2010 non-impact zone) and 99.4% (± 0.75%) (in the 2010 impact zone) to the total meiofauna counts. Nematoda were always the most abundant meiofauna taxon, though their absolute and relative contribution varied between impact and non-impact zones and between sampling years. Nematodes reached their highest abundance in the impact zone in 2010 when they averaged 3,334 n/10 cm^2^ and accounted for 92.2% (± 5.8%) of the meiofauna community. Nematode numbers in the impact zone declined in 2011 and 2014 to 2,085 n/10 cm^2^ and 1,757 n/10 cm^2^, respectively. In the non-impact zone, nematode numbers were quite consistent over the years (1,654 n/10 cm^2^ to 1,726 n/10 cm^2^). Copepoda abundance was lowest in the 2010 impact zone, averaging 195 n/10 cm^2^, which accounted for only 6.9% (± 5.2%) of the overall meiofauna community. Copepods increased in the impact zone in 2011 to 348 n/m^2^ (15.8 ± 9.4%), but declined in 2014 to 238 n/m^2^ (10.8 ± 6.4%). In the non-impact zone, copepod abundance steadily decreased from 2010 (417 n/10 cm^2^, 19.5 ± 10.9%) to 2011 (262 n/10 cm^2^, 12.8 ± 5.4%) and to 2014 (197 n/10 cm^2^, 10.4 ± 3.2%). Other meiofauna taxa that were represented in the samples were (in order of their overall abundance): Polychaeta, Ostracoda, Kinorhyncha, Bivalvia, Tardigrada, Aplacophora, Tanaidacea, Loricifera, Amphipoda, Sipuncula, Acari, Isopoda, Gastrotricha, Cnidaria, Gastropoda, Turbellaria, Nemertea, Rotifera, Oligochaeta, Priapulida, and Echinodermata. The contribution of any of these taxa was relatively minor.

Time series {#sec005}
-----------

The chemical-contaminant indicators of the oil spill, PAH44 and TPH, were consistently higher in the impact zone than non-impact zone (Tables [1](#pone.0179923.t001){ref-type="table"} and [2](#pone.0179923.t002){ref-type="table"}, [Fig 2A and 2B](#pone.0179923.g002){ref-type="fig"}). TPH was 1038% higher and PAH44 was 224% higher. In contrast, the mud (total silt plus clay) content was the same (91%) in both zones ([Fig 2D](#pone.0179923.g002){ref-type="fig"}). The means of PAH44 and TPH appear to change over time ([Fig 2A and 2B](#pone.0179923.g002){ref-type="fig"}). However, these changes were not statistically significant as the Year\*Zone interaction terms are non-significant (at P \< 0.05) with P values of 0.2353 for PAH44 and 0.1604 for TPH ([Table 2](#pone.0179923.t002){ref-type="table"}).

![Temporal patterns of sediment chemistry in impact and non-impact zones, including mean and standard errors.\
**(**A) Total Polycyclic Aromatic Hydrocarbons for 44 priority compounds (PAH44). (B) Total Petroleum Hydrocarbons (TPH). (C) Barium (Ba). (D) Mud, i.e., total silt plus clay content.](pone.0179923.g002){#pone.0179923.g002}

10.1371/journal.pone.0179923.t001

###### Means and standard errors (SE) for chemical and faunal differences between impact distances, averaged across all sampling years.

![](pone.0179923.t001){#pone.0179923.t001g}

  Group        Variable (units)         Impact   Non-Impact           
  ------------ ------------------------ -------- ------------ ------- ---------
  Chemistry    PAH (ppb)                218.2    (61.6)       13.9    (9.3)
               TPH (ppm)                1165.9   (244.8)      102.4   (13.9)
               Ba (ppm)                 1425.4   (270.7)      862.1   (198.4)
               Mud (%)                  90.7     (0.6)        91.0    (0.8)
  Macrofauna   Abundance (n/m^2^)       10,229   \(450\)      9,325   \(383\)
               Richness (taxa/sample)   24.80    (0.61)       29.93   (0.68)
               Diversity (N1/sample)    16.40    (0.53)       21.74   (0.48)
  Meiofauna    Abundance (n/10 cm^2^)   2,677    \(192\)      1,984   \(171\)
               Richness (taxa/sample)   7.85     (0.30)       10.19   (0.38)
               Diversity (N1/sample)    1.51     (0.03)       1.69    (0.04)
               N:C                      15.84    (2.57)       7.41    (0.58)

10.1371/journal.pone.0179923.t002

###### Analyses of variance (ANOVA) probabilities (P values) for chemical and faunal differences between years and impact zones.

![](pone.0179923.t002){#pone.0179923.t002g}

  Group        Variable (units)               Year           Zone         Year\*Zone
  ------------ ------------------------------ -------------- ------------ --------------
  Chemistry    Total PAHs (ppb)               0.2033         **0.0249**   0.2353
               TPH (ppm)                      0.0763         **0.0114**   0.1604
               Ba (ppm)                       0.2379         0.1056       **0.0174**
               Mud (%)                        **\<0.0001**   0.1118       0.0767
  Macrofauna   Abundance (n/m^2^)             **0.0006**     0.3659       **0.0076**
               Abundance (Ln(n+1)/m^2^)       **0.0027**     0.6472       **0.0150**
               Richness (taxa/sample)         **\<0.0001**   **0.0249**   0.3009
               Diversity (N1/sample)          **\<0.0001**   **0.0058**   0.1229
  Meiofauna    Abundance (n/10 cm^2^)         **0.0003**     0.0576       **0.0499**
               Abundance (Ln(n+1)/10 cm^2^)   **0.0104**     0.1263       0.0962
               Richness (taxa/sample)         **\<0.0001**   **0.0002**   0.2004
               Diversity (N1/sample)          0.1721         **0.0002**   **\<0.0001**
               N:C                            **0.0285**     **0.0047**   **0.0013**

Significant differences (P \< 0.05) in bold font.

Barium (Ba) concentration did change between years and zones because the interaction was significant ([Table 2](#pone.0179923.t002){ref-type="table"}, P = 0.0174). Ba concentrations in the non-impact zone were similar in 2010 and 2011. However, average Ba concentrations increased from 2011 to 2014. This increase was due to an unexplained change at three stations. From 2011 to 2014, Ba increased from 336 to 6,963 ppm at station 2.21, from 255 to 6550 at station D031S, and from 316 to 1650 at station D043S.

Following a sharp increase in abundance by 69% between 2010 and 2011 in the impact zone, macrofauna abundance decreased between 2011 and 2014 by approximately 37% ([Fig 3A](#pone.0179923.g003){ref-type="fig"}). In the non-impact zone macrofauna abundance decreased by 17% between 2011 and 2014. Nevertheless, average abundance in the impact zone was still slightly higher (8,733 n/m^2^) than in the non-impact zone (8,208 n/m^2^) in 2014. The significant time-zone interaction term (P = 0.0076) ([Table 2](#pone.0179923.t002){ref-type="table"}) indicates that changes in abundance between 2010 and 2014 were significantly different between impact and non-impact zones over the different time periods. By 2014, the abundance patterns for the two zones converged with overlapping 95% confidence intervals. Macrofauna richness and diversity in the impact zone continued to be significantly lower than in the non-impact zone ([Table 2](#pone.0179923.t002){ref-type="table"}). The metrics were approximately 21% and 13% lower for richness and diversity, respectively ([Fig 3B and 3C](#pone.0179923.g003){ref-type="fig"}). While diversity steadily increased in the impact zone between 2010 and 2014, richness increased between 2010 and 2011, but remained virtually the same between 2011 and 2014. The non-impact zone experienced only subtle changes in these metrics between 2011 and 2014 as the number of taxa slightly decreased, but diversity slightly increased. The non-significant time-zone interaction term for richness and Hill's N1 diversity suggests that both metrics have not yet converged within the four years following the oil spill, although the persistent increases in diversity within the impact zone from 2010 to 2014 suggest a possible trend toward recovery for this variable.

![Temporal patterns of macrofauna metrics in impact and non-impact zones, including mean and standard errors.\
(A) Abundance (n/m^2^). (B) Taxa richness (S, number of taxa). (C) Diversity (Hill's N1).](pone.0179923.g003){#pone.0179923.g003}

There was little change in any of the meiofauna metrics between 2011 and 2014, in both impact and non-impact zones ([Fig 4](#pone.0179923.g004){ref-type="fig"}). Abundance levels of both zones became more similar, due to a stronger decrease in meiofauna numbers at impact stations ([Fig 4A](#pone.0179923.g004){ref-type="fig"}). Meiofauna abundance had decreased in the impact zone and in the non-impact zone by 17.5% and 5%, respectively since 2011. Absolute abundances averaged across impact stations were still higher (2,029 n/10 cm^2^) than at non-impact stations (1,891 n/10 cm^2^) in 2014. Meiofauna abundance was significantly different between the three sampling periods (P = 0.0003), but not between zones (P = 0.0576) ([Table 2](#pone.0179923.t002){ref-type="table"}). Meiofauna diversity and nematode-to-copepod ratios in 2014 were similar to 2011 levels, in both impact and non-impact zones ([Fig 4C and 4D](#pone.0179923.g004){ref-type="fig"}). Diversity across all three sampling events was significantly higher in the non-impact zone (P = 0.0002). This was caused by differences in 2010 when 10.3 taxa were found. In 2011 (8.6 taxa) and 2014 (7.6 taxa), diversity was not significantly different (Tukey test). The nematode-to-copepod ratio was significantly different between impact and non-impact stations across the sampling events, i.e., the interaction between year and zone was significant (P = 0.0013) ([Table 2](#pone.0179923.t002){ref-type="table"}). This was mainly caused by the much higher ratio at impact stations in 2010. In 2011 and 2014 differences between both zones were minor. Taxa richness was the only meiofauna metric that was consistently significantly different between impact and non-impact zones throughout the three sampling events ([Fig 4B](#pone.0179923.g004){ref-type="fig"}). Richness remained significantly higher in the non-impact zone (P = 0.0002), with non-significant interaction term between time and zone (P = 0.2004).

![Temporal pattern of meiofauna metrics in impact and non-impact zones, including mean and standard errors.\
(A) Abundance (n/10 cm^2^). (B) Taxa richness (S, number of taxa). (C) Diversity (Hill's N1). (D) Nematode:Copepod ratio.](pone.0179923.g004){#pone.0179923.g004}

Vertical distribution {#sec006}
---------------------

The vertical distribution of macrofauna and meiofauna was examined in the four zones independently rather than pooling zones (i.e., 1 and 2 into impact and 3 and 4 into non-impact). The zones were analyzed separately to test if there was an effect of distance from the wellhead rather than overall impact. Macrofauna abundance was highest in the top 0--5 cm (2010 samples) or 0--3 cm (2011 and 2014 samples) sections in all four impact zones ([Fig 5A](#pone.0179923.g005){ref-type="fig"}). The 5--10 cm (2010 samples) or 3--5 cm and 5--10 cm (2011 and 2014 samples) were only sparsely populated by macrofauna organisms throughout all impact zones and sampling events. The most distinct temporal variability in macrofauna abundance was found in the upper sediment layer of the highly impacted zone near the wellhead. In 2010 macrofauna abundance in this zone was significantly lower than in any other zone. In 2011 the highly impacted stations had significantly higher macrofauna abundance than the other zones, mainly caused by very high numbers of dorvilleid polychaetes. In 2014 macrofauna abundance was comparable to the moderately impacted and background stations. Macrofauna taxa richness was by far highest in the top sediment layers throughout all impact zones and sampling events ([Fig 5B](#pone.0179923.g005){ref-type="fig"}). In 2010 taxa richness in the high impact zone was significantly lower than in the moderately impacted and background stations. In 2011 taxa richness in the high impact zone had increases considerably, but was still significantly lower than in the three other zones. In 2014 the high impact zone's taxa richness had further increased, even though it was still significantly lower than in the other zones.

![Interactions between vertical sediment sections, year, and zone treatments for benthic community metrics including mean and standard errors.\
Impact zones represent: 1. High impact; 2: Moderate impact; 3: Uncertain impact; 4: Unlikely impact, as defined by \[[@pone.0179923.ref019]\]. **(**A) Macrofauna abundance (n/m^2^). (B) Macrofauna taxa richness (S, number of taxa). (C) Meiofauna abundance (n/10 cm^2^). (D) Meiofauna taxa richness (S, number of taxa).](pone.0179923.g005){#pone.0179923.g005}

Meiofauna abundance in 2010 was highest in the top 0--1 cm sediment section of the high impact zone ([Fig 5C](#pone.0179923.g005){ref-type="fig"}). It continually decreased from the high impact to the background zone. In the 1--3 cm sediment sections, meiofauna abundance was significantly lower in each of the four impact zones. In 2011 meiofauna abundance in the 0--1 cm sediment section had decreased significantly in impact zones one, two, and three, whereas the 1--3 cm section had increased in all four zones. In 2014 abundance in the top section continued to decrease in each of the four impact zones, whereas it increased in the 1--3 cm section of the high impact zone. Because of the consistent decrease in abundance in the 0--1 cm sediment section and the slight increase in the 1--3 cm sections between 2010 and 2014, meiofauna abundance was similar between the 0--1 cm and 1--3 cm sections in all four impact zones in 2014. Furthermore, meiofauna abundance was not significantly different between any of the four impact zones in 2014. Meiofauna taxa richness was significantly lower in the high impact zone in 2010 ([Fig 5D](#pone.0179923.g005){ref-type="fig"}). In 2011 taxa richness in the high impact zone had increased. However, moderate impact and background zones had also increased taxa richness in 2011. In 2014 taxa richness of the high impact zone stayed on a similar level, whereas the moderate and impact zones approximately returned to the lower levels of 2010. This means that meiofauna taxa richness was still lowest in the high impact zone, but that the values have been converging.

Community structure {#sec007}
-------------------

ANOSIM analyses confirmed that significant differences in the macrofauna community structure between impact and non-impact zone, which had been observed in the 2010 and 2011 samples, continued to exist (P \< 0.0003). Furthermore, impact zone communities showed distinct patterns of faunal succession stages with statistically significant differences in the benthic communities between 2010 and 2011 in 2014 (P = 0.0006), between 2010 and 2014 (P = 10^−5^), and between 2011 and 2014 (P = 10^−5^). Non-impact zone communities were not significantly different between 2010 and 2011 (P = 0.244). However, between 2010 and 2014 (P = 0.002) and 2011 and 2014 (P = 0.0008) they did change significantly. In the two-dimensional MDS plot ([Fig 6A](#pone.0179923.g006){ref-type="fig"}), impact-zone stations (open symbols) were consistently further to the left than non-impact stations (solid symbols), but a larger dispersion pattern is noticed in the 2010-impact zone samples. While throughout different sampling years (different colors) macrofauna at non-impact stations experienced only subtle changes, a temporal pattern for communities at impact stations is evident: the 2010 samples (blue symbols) were located in the median left part of the MDS plot, the 2011 samples (red symbols) in the upper left, and the 2014 samples (green symbols) did not extend to the far left, but were more centered.

![Non-metric multidimensional scaling plots of benthic community structure with respect to the 2-way design (year vs. zone).\
(A) Macrofauna. (B) Meiofauna.](pone.0179923.g006){#pone.0179923.g006}

Meiofauna communities in 2014 were not significantly different between impact and non-impact zones (ANOSIM: P = 0.116). However, there was a significant change in the impact zone meiofauna communities over time, as significant differences were found between 2010 and 2011 (P = 0.014), between 2010 and 2014 (P = 0.002), and between 2011 and 2014 (P = 0.021). The two dominant taxa, which contributed most to the community turnover, were nematodes and copepods. Nematodes were very abundant in the impact zone in 2010 (3,334 n/10 cm^2^), causing the high overall meiofauna abundance and the high nematode-to-copepod ratio. Nematode numbers had strongly declined in 2011 (2,085 n/10 cm^2^) and had continued to decline by 2014 (1,757 n/10 cm^2^). In contrast, copepods had strongly increased between 2010 (195 n/10 cm^2^) and 2011 (348 n/10 cm^2^), but then decreased again by 2014 (238 n/10 cm^2^). The non-impact stations also changed significantly between 2010 and 2011 (P = 0.039), between 2010 and 2014 (P = 4 x 10^−5^), and between 2011 and 2014 (P = 0.002). In the MDS analysis ([Fig 6B](#pone.0179923.g006){ref-type="fig"}), impact stations tended to be to the left side of the plot. Compared to 2010 and 2011, only a few of the impact stations were located to the far left of the plot, whereas most of them were closer to the non-impact stations near the center. Similarly, data in [Fig 4](#pone.0179923.g004){ref-type="fig"} show that trends over time for some meiofauna variables (abundance, Hill's N1 diversity, and N:C ratios) within the impact versus non-impact zones have converged by 2014.

Discussion {#sec008}
==========

Persistence of impacts {#sec009}
----------------------

Benthic macrofauna communities remained impaired four years after the DWH blowout as macrofauna richness and diversity were still significantly lower in the impact zone in contrast to the non-impact zone. The 69% increase in macrofauna abundance in the impact zone in 2011 \[[@pone.0179923.ref020]\], as well as the decline in 2014 was primarily caused by fluctuations of the polychaete families Dorvilleidae and, to a lesser degree, Acrocirridae. In 2011 Dorvilleidae was the dominant taxon in the impact zone, accounting for an average of approximately 26% of all macrofauna and up to 80% at stations particularly close (\~1 km) to the wellhead. The average Dorvilleidae density of 4,802 n/m^2^ across all impact-zone stations in 2011, had declined by 95% in 2014 to an average density of 205 n/m^2^. Acrocirridae had declined by 69% between 2011 and 2014, from 803 n/m^2^ to 249 n/m^2^. The decline of these dominant taxa increased the evenness of overall population distributions among taxa, which ultimately caused the increase of the diversity metric in 2014. Causes for these fluctuations in abundance are unknown. Seasonal variations can be excluded because the 2011 and 2014 samples were all sampled in May and June, but inter-annual variability is possible. The multivariate analyses confirmed that the macrofauna in the impact zone remained significantly different from the non-impact zone. The MDS plot shows a trajectory for impact-zone stations between 2010 and 2014, which suggests that notable changes in the communities have occurred between each sampling event. Overall, patterns in the MDS plot indicate that the macrofauna communities within the impact zone were more similar to the non-impact zone communities in 2014, in comparison to the previous sampling events. Particularly, the most contaminated stations near the wellhead did not extend as far to the left in the MDS plot in2014, as they did in 2010 and 2011. These stations seem to have recovered as they were less dominated by dorvilleid polychaetes and other opportunistic taxa. This conclusion is corroborated by the increasing taxa richness in the high impact zone in the near-surface sediment layers.

Trends over time for some meiofauna variables (abundance, Hill's N1 diversity, and N:C ratios) within the impact versus non-impact zones converged by 2014, which may indicate signs of recovery. However, meiofauna communities had not fully recovered from the hydrocarbon contamination four years after the blowout because the taxonomic richness in the impact zone remained significantly lower. The non-significant interaction term between time and zone means that the slight increase in richness between 2010 and 2011 and the slight decrease between 2011 and 2014 were approximately parallel in both impact and non-impact zones. This indicates that natural fluctuations occurred at both impact and non-impact stations. Similar levels of abundance, diversity, and N:C ratios in impact and non-impact zones in 2014 indicate that meiofauna communities showed some signs of recovery from the hydrocarbon contamination. The N:C ratio is a good indicator of pollution by petroleum hydrocarbons \[[@pone.0179923.ref025]\] so its convergence between impact and non-impact zones in 2011 and 2014 is an indicator of recovery. The conclusion that some meiofauna recovery has occurred is corroborated by the results of our multivariate analysis, which found no significant difference between meiofauna communities of impact and non-impact zones in 2014. Three stations that were within approximately 1 km of the oil well were still located to the far left of the MDS plot in 2014. These stations are most likely still heavily affected by the oil contamination, whereas most other stations seem to show more signs of recovery. The fact that meiofauna communities of non-impact stations had significantly changed between 2010 and 2011 and between 2011 and 2014 indicates that they undergo natural patterns of temporal dynamics. This further implies that the significant temporal changes in meiofauna communities observed within the impact zone may be the result of processes related to both recovery from the DWH contamination and natural community dynamics.

The negative benthic effects (i.e., the lower diversity of macrofauna and meiofauna found in the impact zone) noted here are assumed to result from toxicity of contaminants associated with the oil spill. It is proposed here that the lower diversity is a direct result of loss of species that are more sensitive to the presence of the toxic compounds. A good indicator of toxic effects is the sum of the PAH compounds \[[@pone.0179923.ref026]\] and sediment quality guidelines have been developed for shallower estuarine and marine benthic fauna \[[@pone.0179923.ref027], [@pone.0179923.ref028]\]. The concentrations of PAH related to responses reported here are consistent with the lower thresholds for responses reported in shallow water, but are half the corresponding concentrations for upper thresholds, indicating deep-sea fauna may be more sensitive than shallow fauna \[[@pone.0179923.ref029]\].
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